Abstract. Precipitation, which usually occurs by nucleation, growth and coarsening, may be affected by elastic stresses which influence the thermodynan~ics of the system and thereby the driving force for precipitation. Such stresses may be internal, e.g. coherency stresses, or external, i.e. externally applied stresses. The consequences for nucleation, growth and coarsening are discussed in detail with special emphasis on the kinetics of precipitation. The possible effects are exemplified by various cases of the orienting of precipitate particles by external stress. The effect of elastic stress on phase solubility may not only affect precipitation by nucleation and growth, but also spinodal decomposition which is briefly discussed. Larger elastic stresses, which surpass the yield stress, result in plastic deformation with production and movement of dislocations. Dislocations may affect precipitation processes by their stress fields, by being incorporated into interfaces to lower the interface energy and by providing easy diffusion paths. Again the effects are discussed with respect to nucleation, growth and coarsening. The effects are made use of for alloy processing by thern~omechanical treatments, and ~urtliermore they may lead to structure changes -with corresponding changes in mechanical behaviour -during high-temperature service with creep.
INTRODUCTION
In many materials precipitated particles are used for controlling the physical properties and in particular the mechanical behaviour. The fundamentals of the various precipitation processes have been studied since long and are well understood as is documented in respective reviews and monographs -see e.g. [I] where further references were given. Precipitation is usually regarded as a sequence of three stages, i.e. nucleation, growth and coarsening of particles. For all three processes simple theoretical descriptions are available which regard the precipitated particles -even the very small nuclei -as bulk phases to which the thermodynamics of multiphase systems -see e.g. [2] -can be applied. The kinetics of these processes, i.e. the rates of nucleation, growth and coarsening, are controlled by the driving force for precipitation, which is a function of the free enthalpies -or Gibbs energies -of the phases involved, and the atom mobilities, which are described by the respective diffusion coefficients.
The formation of particles may lead to internal elastic stresses, which are known as coherency stresses. Such stresses contribute to the particle energy and thus change the equilibrium conditions and correspondingly the driving force for the various precipitation processes. Externally applied stresses, which produce elastic strains in the crystal, may directly affect the equilibrium conditions between the phases involved and thus again change the driving force. Stresses that surpass the yield stress of the material cause plastic deformation with formation and movement of dislocations. Dislocations are linear defects, which may interact with particles because of their line energy or their cylindrical stress fields, and furthermore they may be paths of easy diffusion.
The present report is to give an overview on the various effects. The physical understanding of these effects is not only of academic interest, but also of practical importance with respect to materials processing -in particular thermomechanical treatments -on the one hand and to materials service behaviour -in particular long-time service under creep conditions -on the other hand.
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PRECIPITATION BY NUCLEATION, GROWTH AND COARSENING

Nucleation
A phase P precipitates from a solid solution a, which is then the matrix, if the solubility of P in a is decreased by lowering the temperature to such an extent that the matrix is supersaturated with respect to p -see [I] . The driving force for any reactions between two phases is given by the difference in Gibbs energy of the respective phases. In the case of small particles and nuclei the interface energy is not negligible and has to be considered. The resulting energy difference -or transformation energy (per alloy atom) -can be determined in simple approximation as shown in Fig. 1 . In many practical cases the matrix can be regarded as dilute solid solution and the precipitate phase as compound with a narrow composition range. Then g" is given approximately by xu = k~x ! In-
Eq. 1 where the compositions with index e refer to equilibrium as given in a phase diagram, the xu composition ratio is the supersaturation, and X e gVA kT has its usual meaning.
The particle formation energy -or nucleation \)f energy -, which is composed of the volume energy and the surface energy of the particle, reaches a maximum, which is known as the critiq = a cal nucleation energy A*, for a critical size, above which the particle grows with decreasing A" = --Eq. 2 3 (g"/vP)' where y = specific particle surface energy and vP = particle atomic volume. The primary impor- nucleation energy which is the energy barrier for
x::
nucleation. Accordingly the relation between the nucleation rate J and A* is given by an Arrhenius-type equation:
Eq. 3
Figure 1:
The Gibbs energies g of phases g, = u, P as a func-with N, = nucleation site concentration, p* = tion of alloy content x at constant temperature wlth trdnsior-frequency factor proportional to the diffusion mation energy g" (schematic) [I] . coefficient, and K ' = factor of proportionalityfor details and references see [I] . It is noted that this equation was derived for stationary nucleation, i.e. constant supersaturation with constant nucleation rate. Nevertheless this simple equation is useful for describing the nucleation process as a function of temperature, alloy composition and external forces at least in a semi-quantitative way in spite of the various approximations of the used model of classical nucleation.
Finally it is noted that besides nucleation the alloy may decompose by spinodal decomposition, i.e. particles form by the continuous growth of small concentration fluctuations without any thermal activation [3] . This spinodal decomposition is expected only for alloys with compositions between the socalled spinodal lines within the miscibility gap in the respective phase diagram which is not the case for most practical alloys.
Growth
After nucleation particles grow by the consumption of solute atoms, which diffuse from the supersaturated a matrix to the growing P particle. The reactions at the interface are usually much faster than the diffusion to the particle, i.e. the diffusion to the particle is the rate controlling process. Furthermore local equilibrium is usually assumed for the growing particle which is described by using the thermodynamics of heterogeneous equilibria as in the case of the critical nucleus. In view of the relation between critical nucleus radius and transformation energy, the matrix concentration in equilibrium with the growing particle -i.e. the particle solubility in the matrix -is given by
Eq. 4a which is the well-known Gibbs-Thomson equation for spherical particles with radius i-. Correspondingly the actual matrix composition ca is related to the critical particle radius r* by
Eq. 4b
-see [I] .
The mass balance gives a differential equation for particle growth which can be integrated in a simple way if on the one hand matrix depletion by the growing particle is neglected, which may be adequate small particles, and if on the other hand caP(i-) may be approximated by c, which may be adequate for not too small particles. This leads to the familiar parabolic growth law C" -c,"
Eq. 5
where D is the effective diffusion coefficient in the matrix, t is the time, and the index 0 indicates the initial state -see [I] . For continued growth the matrix depletion -i.e. the decrease of supersaturation by the growing particles -has to be considered. A simple treatment for a constant number of particles with equal size leads to the familiar Johnson-Mehl or Avrami equation for the precipitated volume fraction
with an exponent n = 312 for the parabolic growth of spherical particles and a time constant t which is a function of the initial supersaturation and is inversely proportional to the effective diffusion coefficient. This equation is rather approximate in view of the various simplifying assumption and is useful as a phenomenological relation with fit parameter n and T.
Coarsening
During nucleation the particles are not formed simultaneously. Thus later formed particles are smallerand have a higher solubility according to Eq. 4a -than earlier formed ones. Then the larger particles represent deeper sinks for solute and grow faster than the smaller ones as is illustrated by Fig. 2a . Simultaneously the matrix composition decreases because of the general particle growth, and likewise the corresponding critical radius increases. The different growth rates of the particles with different sizes then lead to the situation of Fig. 4b where the particles with radii smaller than the critical radius have higher solubilities than the matrix composition and thus dissolve whereas only the larger particles with radii larger than the critical radius show continued growth. This process of particle coarsening with a continuously decreasing number of particles because of the dissolution of the smallest ones and increasing average particle size because of the growth of the remaining particles is known as Ostwald ripening, and the driving force for this is the reduction of interface energy.
The coarsening process is described quantitatively by the theory of Ostwald ripening, which was developed independently by Wagner and by Lifshitz and Slezov and which supposes a negligible supersaturation ca(t)/cea = 1 -as is found during the later stages of precipitation -and a small constant volume fraction of precipitate -see [I] . The main results of the theory are the t'" law for the diffusion-controlled average growth of spherical particles: and the corresponding law for the particle number: N(t) = const.lt for negligible r, and to.
Eq. 7
Eq. 8
Precipitate Evolution
The three classical precipitation stages nucleation, growth and coarsening occur sequentially and par- Qthere is only particle coarsening -see [I] . The decreasing supersaturation corresponds to a decreasing driving force, i.e. the later precipitation stages usually occur with lower reaction rates then the earlier stages. In particular, nucleation is fast compared with growth and coarsening, and growth and coarsening slows down with increasing particle size.
The evolving precipitate distribution is determined by the ratio of the rates of nucleation, growth and coarsening. With lower initial supersaturation or inhibited nucleation only few particles are formed giving rise to a rather coarse particle distribution. With high initial supersaturations many particles are nucleated with high rates which leads to a fine particle distribution after a short growth stage. The further particle coarsening can be accelerated by increasing the coarsening temperature which increases the critical particle size abruptly with the corresponding dissolution of all particles with sizes below this critical size and additionally increases the coarsening rate. In complex alloy systems -in particular steels -various phases with slightly different solubilities may precipitate simultaneously. Then a more general ripening of particles occurs not only with respect to particle size with elimination of the smaller particles, but also with respect to phase stability with elimination of the less stable phase with higher solubility, which may be regarded as generalized Ostwald ripening.
EFFECTS OF ELASTIC STRAIN
Nucleation
As already mentioned at the beginning, both internal and external stresses may be present during precipitation. In particular, there may be a misfit between the matrix and the particle to be formed. The misfit is accommodated elastically as long as the misfit 1s not too large, i.e. the resulting elastic stresses do not surpass the yield stress. Such coherency stresses result in extra energy contributions for particle formation and reduce the transformation energy which ~ncreases the activation energy for nucleation and the particle solubility for growth and coarsening. This elastic energy depends only on the particle volume for isotropic crystals whereas it depends on the particle shape, too, for anisotropic crystals thus favouring plates for misfits only in one direction and needles for misfits only In two directions. It is noted that the stress fields of the particles may interact with each other, and the resulting interaction energies also contribute to the total particle energy which again reduces the transformation energy. A more detailed discussion of the various effects with simple energy estimates is found in [1, 4, 5] . In a more general way coherency stresses may even affect whether precipitation or ordering or a displacive transformation will occur [6] .
External stresses strain the material elastically as long as the stresses do not surpass the yield stress. The resulting elastic strains may be different for matrix and particles if the particles are surrounded by coherency stress fields or show different elastic moduli. In any case the application of the external stress with elastic strain leads to additional interaction energies wh~ch contribute to the transformation energy and thereby to the critical nucleation energy as well as to the particle solubility, i.e. all three precipitation stages may be affected depending on the magnitude of the interaction energies -see [5] .
As a rule, the elastic interaction energies are small compared with the total driving force of precipitation, i.e. the initial transformation energy at the onset of nucleation. Nevertheless even small changes in the critical nucleation energy (Eq. 2) can affect the nucleation rate significantly because of the exponential dependence of the rate on the activation energy (Eq. 3). This is illustrated by the case of the precipitation of a"-Fe,,N, plate-like particles in Fe-N alloys [7] , which was analysed in detail [S] .
The analysis of the a"-Fe,,N2 precipitation process in Fe-N alloys relied on experimentally determined particle numbers as a function of initial supersaturatlon. From these data the variation of nucleation rates were estimated, and the respective transt'o~mation energies were deduced by means of Eq. 1. Then the plot of the nucleation rates as a function of the transformation energies indicated an interface energy of 17 mJ/mZ which is a reasonable value for coherent particles. With these data critical nucleation energies of about 200 M J /~' were obtained whereas the elastic interaction energy was only about 10 M J /~~ for the platelets perpendicular to the external stress for a tetragonal misfit of 10 % in plate normal direction and a stress of about 100 MPa. This 5 % advantage of the ,,right" particles perpendicular to the external stress over the ,,wrongs' particles leads to preferential nucleation of the ,,right" particles, i.e. the nucleation rate of the ,,right6' particles increased by a factor of about 45. Then a rather complete particle orienting would be expected at the end of nucleation with about 95 % ,,right4' particles and still more up to 100 % for decreasing initial transformation energy, i.e. initial supersaturation. Indeed a rather complete particle orienting was observed experimentally which confirms the applicability of the applied simple estimates. However, a complete orienting was obtained only for the highest supersaturation after longer ageing. Obviously the observed complete orienting had not been produced by nucleation exclusively, and the later precipitation stages were needed for completing the orienting process which will be addressed in the next section.
Growth and Coarsening
During growth and coarsening the matrix supersaturation decreases continuously and likewise the transformation energy to approach zero asymptotically after long times. If particles are sources of coherency stresses, which surpass the order of the yield stress, the particles become incoherent, i.e. the stresses are relaxed by misfit dislocations in the interface, which occurs at a critlcal particle size after nucleation. This reduces the particle volume energy, i.e. it increases the transformation energy and thereby reduces the particle solubility on the one hand, and on the other hand it increases the interface energy. The former increases the growth rate and decreases the coarsening rate (Eqs. 5 and 7) whereas the latter increases the driving force for coarsening and thereby the coarsening rate (Eq. 7). The effects of stress on coarsening have recently been studied theoretically by computer simulations [9] .
The application of an external elastic stress gives rise to interaction energies of the particles if the particles are surrounded by coherency stress fields or show different elastic moduli as in the case of nucleation. Even small interaction energies can affect the coarsening process decisively since after sufficiently long ageing times such interaction energies may have become larger than the monotonously decreasing transformation energy, and then the interaction energy contribution decides on further growth or dissolution of the individual particle. This is illustrated by the above discussed case of the a"-Fe,,N, plate-like particles in Fe-N alloys which was analysed in detail [8] . The nucleation of these particles in the presence of an external elastic stress results in a particle distribution with most particles oriented perpendicular to the stress and few particles with the energetically unfavourable orientation parallel to the stress. Energetically unfavourable means that those particles have a higher solubility than the particles with the favourable orientation and thus dissolve preferentially to the advantage of the favoured particles during coarsening. Thus the Ostwald ripening process here refers to both particle size and particle orientation and results in the continuous elimination of not only the smallest particles, but also of the particles with energetically unfavourable orientation until complete orienting is reaches. For the addressed case this means that additional coarsening with external stress after nucleation is necessary for obtaining the observed complete particle orienting. The action of this particle orienting process exclusively by Ostwald ripening was demonstrated with the example of the precipitation of Au particles in ferritic Fe-Mo-Au alloys [4, 5, 10] . As in the case of the a"-Fe,,N, particles in Fe-N alloys the Au particles are precipitated as platelets with tetragonal distortion which makes the particle orientation perpendicular to an external elastic stress energetically favourable. However, the interaction effects are here smaller and in particular the effect of the external stress on nucleation is only small, i.e. a particle orienting by preferential nucleation of the ,,right" particles is not clearly visible after nucleation. Only subsequent coarsening with external stress results in complete orienting of the precipitated particles is illustrated by Figs. 3a and b. A particle coarsening with an increase of the average particle diameter by a factor between 3 and 5 -depending on initial particle size -is sufficient for complete orienting according to the theoretical analysis which was confirmed by the experimental observation. During coarsening with applied stress the unfavourably oriented ,,wrongc' particles behave like smaller ,,rightG' particles, and consequently a usually barely visible size difference between ,,rightG and ,,wrongc' particles develops during coarsening under stress. However, even a small size difference is sufficient lo f for eliminating the ,,wrongd' particles by further coarsening without applied stress. This effect was indeed observed experimentally as is visible in Fig. 4 .
It is noted that such particle orienting may also be achieved by the application of a magnetic force as was demonstrated previously for the above discussed case of a"-Fe,,N, precipitation in Fe-N alloys [Ill. It could be shown that the observed particle orienting again octime tp after loading In h curred by selective coarsening and was due to Figure 4 : Measured fractions of Au particles perpendicular to the the direct interaction of the external magnetic external stress (numbers at the symbols) and end of nucleation field with the precipitated particles whereas stage (++++++) for a Fe-Mo-Au alloy as a function of time t, be-the spontaneous magnetization was not suffifore stress application, time t, with stress application of 25 MPa, cient for achieving a particle orienting within and time t, after stress application for various heat treatments: -the magnetic domains [12,131. see [lo] .
Finally it is noted that alloys with oriented vol.% intermetallic NiAl precipitate particles after tensile creep at 800 "C for 2 years with 1 9% elongation (the direction of applied stress a is indicated by an arrow) [14] .
with precipitate particles the diffusional flow of th precipitate particles may be attractive for applications because of anisotropic physical and mechanical properties. However, particle orienting by selective coarsening is a time consuming process which is disadvantageous with respect to processing efficiency. The discussed cases of particle orienting can be regarded as simple model cases for the effect of external stresses on two particulate co-existing precipitate phases in a common matrix. Then the particles of the different phases may interact with the external stress to produce different interaction energies which may enlarge the usually small solubility differences between the two precipitate phases to such an extent that the favoured phase coarsens at the expense of the other one which then dissolves [I] .
Besides the discussed direct effects of external stresses on the particle behaviour, the matrix behaviour is affected by the presence of external elastic stresses, too as becomes visible during diffusion creep. The application of an elastic tensile stress, which is not sufficient for the generation and movement of dislocations, to an alloy results in stress-directed diffusional flow of atoms from surfaces and interfaces parallel to the stress to those perpendicular to the stress which leads to elongation and is known as diffusion creep [IS-181. In the case of two-phase alloys e matrix leads to particle coagulation and grain boundary formation at the grain boundaries parallel to the applied stress and formation of a free matrix layer at the grain boundaries perpendicular to the applied stress since the particles at the former grain boundaries are still in local equilibrium with the matrix and the ,,newc' matrix at the latter boundaries lacks supersaturation for re-precipitation of particles. This process of matrix re-distribution is illustrated by Fig. 5 . It is noted that the precipitate-free zone grows in thickness with increasing elongation, and the ratio of zone thickness and grain length is indeed about 1 % in the case of Fig. 5 , which corresponds to the measured elongation of the specimen.
EFFECTS OF PLASTIC STRAIN
Nucleation
External elastic stresses that are higher than the yield stress produce plastic deformation of the material with generation and motion of dislocations which are linear defects with an excess line energy and a surrounding cylindrical elastic stress field. Nucleation on dislocations may be energetically advantageous for coherent particles with misfit, if the particle misfit is accommodated by the elastic strain of the dislocation stress field, i.e. if there is an attractive interaction between the dislocation stress field and the particle stress field. Nucleation on dislocations may also be energetically advantageous for incoherent particles since the dislocation line is then interrupted by the particle which shortens the dislocation and saves dislocation energy [I] . In any case the number of available dislocations has to be sufficiently large compared with the number of nuclei for achieving a significant effect on nucleation, i.e. the deformation rate has to be sufficiently high compared with the nucleation rate as was estimated previously [19] .
Apart from the r6le of dislocations as favourable nucleation sites, dislocations may act as sinks for the segregation of solute atoms. This reduces the matrix supersaturation and thereby the nucleation rate [19, 21] . I -610 T Preferential nucleation on dislocations is exemplified by the already discussed case of a"-Fe,,N2 precipitation in Fe-N alloys where nucleation is enhanced dramatically by prior cold-roll-2 8 ing [22] -see [l] . Another example is the case of t [ h l the precipitation of Au particles with particle colony formation in Fe-Mo-Au alloys where homogeneous nucleation is observed only for sufficient initial undercooling whereas nucleation occurs heterogeneously at dislocations for insufficient initial undercooling [20] as is visible in Fig. 6 . In this case the attractive interaction between nucleated particle and dislocation obviously diminishes during growth with transition to incoherency to such an extent that the dislocation detaches itself from the growing particle and migrates into the still supersaturated matrix with further nucleation of particles. The driving force -TIJm for this process results from both the supersatu--ration and the elastic forces of the dislocation.
The effect of dislocations on nucleation is used for controlling the precipitation process -and plastic strain with generation, multiplication and motion of dislocations initiates nucleation, and the resulting particle distribution determines and stabilizes the grain size distribution by controlling the crystallization process. Both the particle and grain size distributions sensitively control the mechanical behaviour of the material as characterized by strength and toughness, and thus thermomechanical processing has found wide application for producing structural alloys with optimized mechanical properties. The most eminent example are the microalloyed steels which combine high strength and high toughness and are also known as HSLA or highstrength low-alloy steels [25, 26] . The mutual interaction of deformation and precipitation with strain induced nucleation was analysed and modelled in detail [27] .
Growth and Coarsening
Dislocations as well as grain boundaries are paths of easy diffusion which enhance the exchange of material between coarsening particles. Indeed the kinetics of Ostwald ripening is affected if the coarsening particles are interconnected by dislocations or grain boundaries, and respective theoretical models are available [21, 23] . However, during plastic straining dislocations move and attach and detach themselves to and from particles, i.e. particles are only partially connected by dislocations. Thus a significant can only be expected when the dislocation density p is sufficiently high, i.e. when the dislocation distance p-'" is sufficiently small compared with the particle distance [19, 21] .
During deformation -in particular at high-temperatures -dislocations move not only conservatively by dislocation glide, but also nonconservatively by dislocation climb with production of excess vacancies which accelerates bulk diffusion and thereby Ostwald ripening. Again the deformation rate has to be sufficiently high for producing a significant effect since the excess vacancies heal out by normal recovery [19, 21] .
Coherent growing particles may attract dislocations which relaxes the coherency stress. This effect contributes to the already mentioned transition to incoherency, i.e. the coherent-to-incoherent transition is accelerated [19, 21] which affects the kinetics of coarsening as discussed in Section 3.2. In addition, a dislocation may move through the particle by which the particle is sheared and finally cut into parts if a sufficient number of dislocations shear the particle on the same glide plane. This process of particle shearing is counteracted by short-range diffusion in the particle and at the surface to restore the original particle shape with minimum interface energy, i.e. particle shearing is observed only for sufficiently high deformation rates. This process of destabilization and subdivision of precipitates is analogous to the spheroidization of pearlite in steels which is accelerated dramatically by concurrent fast deformation 129-321.
It is concluded that the precipitation process is affected in a significant way by concurrent deformation only if the deformation rate is sufficiently high compared with the precipitation rate, and simple estimates were presented previously [19, 21] . Thus effects can be expected for fast deformation -e.g. rolling -as is used for materials processing whereas negligible effects are expected in general for slow deformation during materials service, in particular creep. Special situations with effects even by creep deformation may occur if there is Ostwald ripening of several competing phases. Such effects were discussed with respect to the steel 10CrMo910 (2 '/4 % Cr, 1 % Mo) where various carbide phases precipitate simultaneously and sequentially with inhomogeneous particle distributions in the grains and on grain boundaries [33] . It was found that -apart from direct effects of creep on the microstructure, e.g. changes in grain size distribution andlor formation of precipitate-free zones -the effects of creep on growth and coarsening are still negligibly small under practical service conditions with long-term creep with rates of 1@'O 11s or less.
CONCLUSIONS
The various stages of precipitation by nucleation, growth and coarsening my be influenced by concurrent elastic andlor plastic deformation depending on the ratio of the driving forces for precipitation and deformation or on the ratio of the rates of precipitation and deformation. Various effects can be produced with respect to precipitation kinetics and distribution of precipitated particles by appropriate choice of boundary conditions of precipitation and deformation. The physical and mechanical properties of a material depend in a sensitive way on the material microstructure and in particular on the distribution of precipitated particles. Thus the discussed effects are of practical importance for controlling and optimizing the materials properties, and indeed thermomechanical processing has found widespread application for materials production. For this fast processing is most attractive, and thus deformation effects on nucleation are of primary importance whereas changes in precipitate distribution by growth and coarsening are time consuming which usually precludes application.
